PURPOSE. This study was designed to assess the effect of mitochondrial DNA (mtDNA) mutation T8993C on cone structure in a family expressing neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP) syndrome. METHODS. Five family members were studied, using clinical examination, nerve conduction studies, perimetry, optical coherence tomography (OCT) measures of central retinal thickness, and electroretinography. High-resolution images of cone structure using adaptive optics scanning laser ophthalmoscopy (AOSLO) were obtained in four subjects with stable fixation. Cone spacing was compared to 18 age-similar normal subjects and converted to z-scores at each location where unambiguous cones were identified. Tissue levels of T8993C mutant heteroplasmy in blood and hair follicles were quantified using realtime allele-refractory mutations system (ARMS) quantitative polymerase chain reaction (qPCR). RESULTS. Subjects expressing the T8993C mutation showed varying levels of disease severity. The subject with the lowest mutant load (42%-54%) showed no neurologic or retinal abnormalities. The remaining four subjects with over 77% mutant load all expressed severe neurologic and/or retinal abnormalities. AOSLO images revealed three patterns of cone spacing: pattern 1, normal; pattern 2, increased cone spacing within a contiguous cone mosaic; and pattern 3, patchy cone loss with increased cone spacing. Visual function was most severely affected in pattern 3. CONCLUSIONS. High levels of T8993C mutant load were associated with severe neurologic or visual dysfunction, while lower levels caused no detectable abnormalities. Visual function was better in patients with a contiguous and regular cone mosaic. Patients expressing high levels of the mtDNA T8993C mutation show abnormal cone structure, suggesting normal mitochondrial DNA is necessary for normal waveguiding by cones. (Invest Ophthalmol Vis Sci.
M
itochondrial DNA (mtDNA) mutations affect the eye in several ways, causing optic atrophy, progressive external ophthalmoplegia, and retinal degeneration. 1, 2 Damaged mtDNA is particularly detrimental to non-dividing cells such as neurons, photoreceptors, and retinal pigment epithelial (RPE) cells, because mutations accumulate without the possibility to lose mutant mtDNA during cell replication. 3 Neurodegeneration and retinal degeneration are often associated with diseases caused by mtDNA mutations. 4 A point mutation at mtDNA nucleotide 8993 in subunit 6 of mitochondrial respiratory chain complex V, ATP synthase, results in neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP). 5 Subunit 6 of ATP synthase forms part of the membrane-spanning channel involved in oxidative phosphorylation. Mutations in this gene impair ATP production. The most common mutation is T8993G, which converts a conserved leucine to arginine in the F 0 portion of the F 1 F 0 ATP synthase and alters the electrical charge of the proton channel. 6 In the less common T8993C mutation, proline replaces leucine, which does not alter the electrical charge, but may change the channel conformation to permit ATP synthesis with reduced efficiency. 7 The T8993C mutation results in later onset, slower progression, and less disease severity than the T8993G mutation. 8 -10 Severity of mitochondrial DNA disorders depends on the type of mutation and the amount of mutant mtDNA (mutant load). Mutant mtDNA typically coexists with wild-type mtDNA in affected tissues, known as heteroplasmy. 11 Disease severity is roughly proportional to mutant load in affected tissues. Studies of patients with the T8993G mutation demonstrate that levels of mutant mtDNA Ͼ90% result in maternally inherited Leigh syndrome (MILS), a progressive neurodegenerative disorder of infancy that often results in death during the first few years of life, while levels between 70% to 90% produce NARP. 6,8 -10,12 However, recent studies have presented significant variation in tissue mutant load and lack of correlation with disease expression. 11, [13] [14] [15] [16] NARP usually begins in young adulthood, with neurologic findings such as proximal neurogenic muscle weakness, sensory neuropathy, ataxia, developmental delay, seizures, and dementia. 5 Ocular findings include retinitis pigmentosa, 5 maculopathy, salt and pepper retinopathy, 15 cone dystrophy, 17 and cone-rod dystrophy. 17, 18 Reported magnetic resonance image (MRI) findings include cerebral and cerebellar atrophy, and symmetric hyperintense basal ganglia and brain stem lesions. 13,18 -20 The pathogenesis of NARP and other mitochondrial diseases remains largely unknown. However, retinal degeneration may result from the extremely high metabolic demand of photoreceptors in the context of a mutation that prevents normal ATP synthesis; energy demand may overwhelm supply and cause photoreceptor death. Cone photoreceptor inner segments contain high numbers of mitochondria, to meet metabolic needs or to contribute to inner segment structure. [21] [22] [23] [24] A single histopathological study of the retina from a patient with Leigh syndrome and the T8993G mutation demonstrated abnormal, distended mitochondria in RPE cells with overlying absence of macular photoreceptors. 25 There are no histopathological studies of photoreceptor structure from patients with NARP or the T8993C mutation.
It has not been possible to study individual cone photoreceptors affected by mtDNA mutations in living patients because irregularities of the eye's optics limit resolution of retinal images with all methods commonly used. 26 Adaptive optics can compensate for optical aberrations and improve the resolution of retinal images in normal eyes and patients with inherited retinal degenerations. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In vivo studies of cones on a microscopic scale provide a unique opportunity to analyze the effects of mitochondrial mutations on photoreceptors.
We have characterized the retinal and neurologic phenotype in a family with the T8993C mutation. We address the major challenge limiting understanding of neurodegenerative diseases, the inability to study individual cells during degeneration in living humans, using an adaptive optics scanning laser ophthalmoscope (AOSLO) to obtain single-cell resolution images of macular cones. This non-invasive approach permits correlation between cone structure and function in patients with retinal degeneration caused by the T8993C mutation.
METHODS
Research procedures were performed in accordance with the Declaration of Helsinki. The study protocol was approved by the UCSF and UC Berkeley institutional review boards. All subjects (five women-a mother with all four of her children) gave written informed consent before participation in any of the studies.
Clinical Examination
A complete history was obtained, including information about all known family members. All subjects in the family who were available underwent a complete neurologic examination. Electrophysiological studies performed included conventional nerve testing and electromyography. Clinical findings are summarized in Tables 1 and 2 . Measurement of best-corrected visual acuity (BCVA) was performed using a standard eye chart according to the Early Treatment of Diabetic Retinopathy Study (ETDRS) protocol. The eye with better visual acuity and/or more stable fixation was chosen for further study. Goldmann kinetic perimetry was performed with V-4e and I-4e targets. Automated perimetry was completed with a visual field perimeter (Humphrey Visual Field Analyzer; HFA II 750-6116-12.6; Carl Zeiss Meditec, Inc., Dublin, CA) and a system threshold protocol (10-2 SITA Standard; Carl Zeiss Meditec, Inc.) with measurement of foveal thresholds using a Goldmann III stimulus on a white background (31.5 asb); exposure duration was 200 ms. Color vision was tested using a Farnsworth D-15 panel followed by the Lanthony 15-hue desaturated panel in subjects without crossing errors on the Farnsworth D-15 panel. Pupils were dilated with 1% tropicamide and 2.5% phenylephrine before optical coherence tomography (OCT) images were obtained with a laser scanning camera (Spectralis HRA ϩ OCT Laser Scanning Camera System; Heidelberg Engineering, Vista, CA). The infrared beam of the superluminescent diode (average wavelength, 870 nm) was used to acquire 20°horizontal scans through the anatomic fovea. A full-field ERG was performed after 45 minutes of dark adaptation with a BurianAllen contact lens electrode (Hansen Ophthalmic Development Laboratory, Iowa City, IA), according to International Society for Clinical Pyramidal weakness, injury to descending motor inputs from the central nervous system; dysarthria, impairment of speech.
* Nerve conduction studies include techniques for assessing electrophysiologic evidence of peripheral nerve dysfunction. † The degree of T8993C mutant heteroplasmy is expressed as percent of total mitochondrial DNA. Electrophysiology and Vision (ISCEV) standards. 39 Briefly, full-field electroretinogram responses were elicited with 10-s white light flashes and were recorded with a visual electrodiagnostic system (UTAS-E 3000; LKC technologies, Inc., Gaithersburg, MD). Five rodmediated responses to Ϫ2.4 log cd-s/m 2 stimuli with an interstimulus interval of 10 seconds were computer averaged. Three mixed rod-and cone-mediated scotopic responses were recorded to a standard flash of ϩ 0.4 log cd-s/m 2 with an interstimulus interval of 30 seconds. Patients were then light-adapted to a 30 cd/m 2 background light for 10 minutes, and photopic responses were elicited with ϩ0.4 log cd-s/m 2 stimuli presented at 2 Hz. Responses to 10 successive flashes were averaged. Responses were amplified at a gain of 4000, filtered between 0.3 and 500 Hz and digitized at a rate of 2000 Hz on two channels. Reduced amplitudes were reported as percent below the mean; mean values and standard deviations are presented in Table 1 . Multifocal (mf)ERG testing was performed in a light-adapted state (VERIS 5.1.10X; ElectroDiagnostic Imaging, Inc., Redwood City, CA), using a Burian-Allen contact lens electrode, following ISCEV standards, as previously described. 37, 38 Fundus guided microperimetry (MP-1; Nidek Technologies America Inc., Greensboro, NC) tested 45 locations within the central 8°visual field, as previously described. 37, 38 Numeric sensitivities in decibels were exported and overlaid with AOSLO images (Matlab; The MathWorks, Natick, MA). 
AOSLO Image Acquisition and Cone Spacing Analysis
High-resolution images were obtained using AOSLO in four subjects with stable fixation and images were analyzed using customized software to determine cone spacing measures using previously described methods. 30, 37, 38 Cone spacing measures were compared with 18 agesimilar normal subjects ranging in age from 20 to 60 years. Cone spacing was measured at a range of eccentricities from as close to the fovea as possible out to 5°eccentricity in all directions. The average number of measurements per subject was just over eight, with no more than 12 measures for any one individual. An exponential function was fit to the spacing:
Cone spacing ϭ Ae ͑ϪBϫeccentricity͒ ϩ C where A, B, and C are constants. Confidence intervals (95%) were estimated using the Matlab curve fitting toolbox (The MathWorks). The z-score for each cone-spacing measurement for the NARP patients was computed as the number of standard deviations from the best-fitting line to the normal data.
To further quantify the differences between the patients, we performed a Voronoi analysis of selected cones in each of the subjects imaged with AOSLO, and generated metrics similar to those reported previously on photoreceptor mosaics. 40 -43 Contiguous sets of at least 100 cones were selected in two regions, one at or close to the fovea and a second at approximately 1°in the temporal direction. The exact locations varied depending on where unambiguous, contiguous arrays of cones were best visualized. The SD of the Voronoi domain areas of the selected cones and the percentage of triangularly packed cones were the main metrics used for comparison.
Genetic Testing
Whole blood samples were obtained for DNA extraction and PCR amplification of mtDNA (Athena Diagnostics, Worcester, MA). Direct detection of T8993C mutation was performed by restriction endonuclease digestion of PCR amplified mtDNA, followed by agarose gel electrophoresis.
Since significant variation in tissue mutant load may occur in individuals with mtDNA 8993 mutation, real-time allele refractory mutation system (ARMS) quantitative (q)PCR analysis was performed on DNA samples from hair bulbs (derived from ectoderm) and blood leukocytes (derived from mesoderm). 11 Mutant load expressed in hair bulbs may reflect brain mutant load, and similarly may reflect photoreceptor mutant load. 11 Total DNA was extracted from peripheral blood samples and a pool of 20 hair bulbs sampled from three different scalp locations, according to published procedures. 44, 45 
Detection and Quantification of Mutant Heteroplasmy
Heteroplasmic mutation was confirmed by PCR/ASO (allele specific oligonucleotide) dot blot analyses and quantified with real-time ARMSqPCR. 46 The primers for real-time ARMS qPCR assay were ARMS-T8993-1m: 5ЈTACTCATTCAACCAATAGCCaT3Ј, ARMS-T8993C-1m: 5ЈTACTCAT-TCAACCAATAGCCaC3Ј, and reverse primer mtR9046: 5ЈTTAGGTG-CATGAGTAGGTGGC-3Ј. The lowercase nucleotide "a" indicates a mismatch. The same reverse primer was used for the amplification of both mutant and wild-type mtDNA. Samples containing various heteroplasmic concentrations of the T8993C mutation (generated by mixing the plasmid DNA containing wild-type (T8993) and mutant (T8993C) sequences) were included in each run to ensure the reliability of the assay. The T8993C mutant load concentration in these samples was 0%, 25%, 60%, 75%, 90%, 95%, and 100%.
RESULTS

Family Members with Neurologic and Retinal Disease
The pedigree is shown in Figure 1 . Subjects I-1, II-1, II-2, II-3, and II-4 were studied. A brother of I-1 had coordination problems, and a maternal aunt of I-1 gave birth to four children (two males, two females) who died in infancy due to unknown causes. Subject I-1 traces her lineage back to Colombia, with a history of immigration from Spain.
Clinical Examination
Visual and retinal findings in the study eye of each subject are presented quantitatively in detail in Table 1 . Neurologic findings are detailed in Table 2 .
The fundus examination in subject I-1 showed attenuated vessels, mid-peripheral bone spicule pigment with RPE atrophy along the retinal vascular arcades, and a preserved island of RPE cells at the fovea in each eye (left eye shown in Fig. 2A) . The left eye was chosen as the study eye. Goldmann visual field (GVF) testing revealed a dense paracentral scotoma (Fig. 2B) . The foveal threshold (measured using the Humphrey Visual Field Analyzer as described in the Methods section) was abnormal at 27 dB. Fundus-guided microperimetry showed loss of at least two log units sensitivity beginning at 2°eccentric to fixation; centrally, sensitivities were at least one log unit lower than normal (Fig. 2C) . Full-field ERG cone-mediated amplitudes were reduced to a greater extent than mixed rod-and conemediated or rod-mediated amplitudes; rod-mediated implicit times were normal, whereas mixed responses were delayed by 8.5 ms (msec); cone-mediated implicit times were delayed by 4.5 msec to a flicker stimulus. Multifocal ERG responses were severely reduced throughout the central macula, with a small response measurable at the fovea. An OCT scan through fixation showed thin outer nuclear layer (ONL) and photoreceptor inner segment layer (ISL) and outer segment layer (OSL) with attenuation of the RPE layer throughout the macula, with a small abnormal, but somewhat better-preserved, region at the fovea (Fig. 3C) . Neurologic examination revealed modest proximal muscle weakness and mild length-dependent sensorimotor neuropathy, defined as a primary axonal neuropathy affecting distal nerves first, and then affecting more proximal nerves; there was no ataxia or major cognitive dysfunction.
IOVS,
Visual acuity was severely reduced in subject II-1 to 5/125 (13 letters at 1 meter) in the right eye and counting fingers at two feet in the left; examination revealed extensive bone spicule pigmentation and optic nerve pallor in each eye. GVF testing showed a dense central scotoma extending to 20°n asally and to 50°temporally, with inability to see the I-4e target OU. Full-field ERG rod-mediated, mixed, and cone-mediated amplitudes were severely reduced by more than two standard deviations from the mean, and all responses showed delayed timing. Unstable fixation prevented reliable automated visual field, color, or mfERG testing and AOSLO images were not obtained. However, OCT images showed loss of the ONL and photoreceptor ISL and OSL, with disruption of the RPE layer throughout the macula (Fig. 3D) . Neurologic examination revealed moderate muscle weakness affecting proximal to a greater extent than distal muscles, ataxia, and moderate lengthdependent sensory neuropathy. In subject II-2, the ocular examination and all visual function tests were normal in each eye. The right eye was selected as the study eye. Neurologic examination was entirely normal.
Subject II-3 showed slightly reduced visual acuity of 20/25 with retinal vascular attenuation in each eye. GVFs were mildly constricted to the I-4e target only. The left eye was chosen as the study eye. The foveal threshold was normal at 35 dB. Fundus-guided microperimetry showed a ring of sensitivity loss between 1 to 1.5 log units from approximately 2°to 3°eccen-tric to fixation, with improved function from 3°to 4°eccen-tricity where sensitivity was within 0.5 log unit of normal. Full-field ERG amplitudes were reduced by more than 2 SD from the mean, with delayed timing to all stimuli. Multifocal ERG testing revealed moderate reduction throughout the macula, with a preserved response at the central trace. An OCT scan through the fovea showed a central region of preserved outer retinal structure, with thinning of the photoreceptor ONL and loss of the ISL and OSL beginning at 2°eccentric to fixation in all directions (Fig. 3A) , corresponding to regions of reduced sensitivity observed on fundus-guided microperimetry. However, peripheral to 3°, outer retinal structure was more normal. Neurologic examination showed mild cognitive impairment with modest cerebellar dysfunction, including sustained end-gaze nystagmus, overshoot saccades, mild cerebellar dysarthria, and limb ataxia. Subject II-3 also had proximal muscle weakness with superimposed pyramidal weakness, especially involving the lower extremities. Nerve conduction studies and electromyography revealed a symmetric, lengthdependent sensorimotor axonal polyneuropathy.
Subject II-4 showed moderately reduced visual acuity of 20/50 in both eyes. Fundus examination revealed attenuated vessels, peripheral RPE mottling, and rare bone spicule pigment in each eye. The right eye was chosen for further study. GVF testing showed severe constriction to 20°centrally. The foveal threshold was abnormal at 32 dB. Fundus-guided microperimetry showed somewhat patchy loss of sensitivity of 1 to 2 log units within the central 8°. Full-field ERG amplitudes were all reduced by greater than 2 SD below the mean and all responses showed delayed timing. Multifocal ERG responses were severely reduced throughout the macula. An OCT scan through the fovea showed progressive attenuation of the photoreceptor ISL and OSL beginning approximately 2°eccentric to fixation with a preserved region at the fovea (Fig. 3B) . Neurologic examination revealed modest cerebellar dysfunction. Symmetric length-dependent sensorimotor axonal neuropathy was confined to the lower extremities.
Variability in Cone Spacing within and between Subjects
High-resolution photoreceptor mosaic images were obtained using AOSLO in subjects I-1, II-2, II-3, and II-4 (fixation was not stable enough for image acquisition in subject II-1). Regions of increased cone spacing correlated with reduced sensitivities measured with fundus-guided microperimetry in all subjects (i.e., subject I-1 shown in Fig. 2C ). Three distinct cone mosaic patterns were observed among the four subjects. The asymptomatic subject II-2 showed entirely normal cone spacing throughout the central 4°of retina (pattern 1, Fig. 4A ). Pattern 2 was characterized by contiguous and regular mosaics of cones with increased cone spacing which increased with eccentricity from the fovea, while pattern 3 showed patchy cone loss with cone spacing that was increased uniformly across the central macular region studied. Subject II-3, with the most severe neurologic dysfunction and mild to moderate retinal dysfunction, demonstrated a contiguous and regularly spaced array of preserved cones across the central 3°with uniformly increased cone spacing with eccentricity from the foveal center (pattern 2, Fig. 4B ). Cones at the foveal center were easily resolved and were larger than normal. A distinct ring at approximately 0.5°eccentricity showed dimly visible cones. Outside this ring, cone packing was contiguous and cone spacing increased with eccentricity, but cone spacing was much greater than normal, exceeding that of I-1 and II-4 outside 1°. Pattern 3 was distinguished by moderate retinal dysfunction and patchy regions of increased cone spacing with cone loss (subjects II-4 and I-1; Figs. 4C, 4D ). Unlike the contiguous mosaic of cones with increased cone spacing seen in pattern 2, in pattern 3 very few regions contained contiguous arrays of cones, but cone spacing was closer to normal than in pattern 2, where contiguous mosaics were present. In addition, in pattern 3 cone spacing was nearly uniform across the central macular region imaged. There was little increase in cone spacing with eccentricity as observed in normal subjects and in pattern 2. The visibility of the cone mosaic was correlated with the regions where intact photoreceptor layers were seen on OCT scans. The most contiguous regions were selected for quantitative cone spacing analysis. As such, the cone spacing reflects the average separation between cones in the most preserved areas but should not be used to infer cone density. Cone density is a meaningful correlate of cone spacing only if cone packing is uniform. Since cone spacing measures were possible only in regions where unambiguous cones were observed, the patchy regions of cone loss that characterize pattern 3 make quantification of cone spacing an inappropriate measure of cone density. Figure 5A shows the relationship between cone spacing measures and retinal eccentricity. Subject II-2 fell within the normal range at all eccentricities. Subject II-3 showed abnormally increased cone spacing that increased with eccentricity from the fovea. Subjects I-1 and II-4 showed abnormally increased cone spacing with no predictable relationship to retinal eccentricity. Average z-scores (number of standard deviations from normal) for cone spacing within 2°of fixation were as follows: subject I-1: 6.37; II-2: Ϫ0.09; II-3: 6.92; and II-4: 6.36. Table 3 reports the location, average Voronoi area, SD of Voronoi area in percentage (which normalizes that metric against cone spacing differences), and percentage of six-sided Voronoi polygons. Smaller standard deviations indicate cones that are more regularly packed. A higher percentage of sixsided Voronoi polygons indicates that the packing is triangular.
Voronoi Analysis
In agreement with the qualitative reports above, the normal appearing retina of subject II-2 had the lowest SD, the smallest average Voronoi area for each location, and the largest number of six-sided polygons. II-2's packing statistics are comparable to those obtained in other studies of normal eyes at a similar location. 40, 42 The cones at II-2's foveal center were not re- solved, so we measured cones at the closest possible location. The next most regularly packed mosaic-according to SD and percentage of six-sided polygons-was from subject II-3, although the Voronoi areas were significantly larger. Subjects I-1 and II-4, both of whom exhibited the same pattern, had similar statistics. They had the highest SD, and the lowest percentage of triangularly packed cones. In addition, they showed the smallest relative increase in Voronoi areas between the fovea and the eccentric location.
Structure-Function Correlation
Figure 5B shows the relationship between microperimetry values and cone spacing expressed as z-scores. Subject II-2 had normal sensitivity and cone spacing. Subject II-3 showed increased cone spacing with visual sensitivity losses of 0.5 to 1 log unit compared to normal. Subjects I-1 and II-4 showed regional variation in cone spacing with patchy cone loss and severe visual sensitivity losses of 1 to 2 log units compared to normal. Given that standard deviations from normal mean sensitivity values are Ͻ1.1 dB, the sensitivity losses observed in subjects I-1 and II-4 are greater than four standard deviations from normal.
Genetic Testing
The T8993C mutation in the ATP synthase 6 gene of the mitochondrial genome was identified in all subjects. DNA samples from blood and hair follicles were analyzed for mutant heteroplasmy ( Table 1 ). The mutant loads ranged from 87% to 99% (I-1, II-1, II-3, and II-4) in hair follicles, and varied between 78% (I-1 and II-1) to 99% (II-3 and II-4) in blood from symptomatic subjects. The asymptomatic subject (II-2) had mutant loads ranging from 34.1% to 86.6% in hair follicles, with an average of 54%, and moderate levels in blood (42%).
DISCUSSION
We have characterized retinal structure at the individual photoreceptor level using AOSLO images in four members of a family with NARP carrying the mtDNA T8993C mutation. Despite similar high levels of mutant heteroplasmy, subjects showed significant interindividual and intraretinal variability in disease expression. Three patterns of cone spacing were seen in the subjects with fixation stable enough to obtain high-resolution cone images. Pattern 1 was entirely normal throughout the central 4°eccentric to the fovea, and was associated with normal vision in subject II-2 with relatively low T8993C mutant heteroplasmy. Pattern 2 showed increased cone spacing and moderate disorder within a contiguous cone mosaic, and was associated with mild visual abnormalities in subject II-3, with high mutant heteroplasmy and severe neurologic abnormalities. This pattern included a ring at 0.5°eccentricity where unambiguous cones were only dimly visualized. Visual function was not measurably reduced in association with this ring; this is not surprising given the limited sampling resolution of the microperimetry technique used, with a Goldmann size III target subtending 26 arc minutes (ϳ0.5°). Pattern 3 showed increased cone spacing with patchy cone loss. The two subjects with this pattern, I-1 and II-4, had the most significant visual dysfunction. Although these observations represent a very small number of patients, taken together, the results suggest that a contiguous and ordered cone mosaic is important for mediating suitably measurable visual function, despite increased cone spacing within that mosaic.
These findings represent the first direct visualization of neurons with high levels of mtDNA T8993C mutant hetero- T, temporal to fixation; IT, inferotemporal to fixation; S, superior to fixation; deg, degrees. plasmy in living patients. The regional variability observed in pattern 3 may be due to variation in levels of mutant load between individual cones or between underlying RPE cells, or due to local differences in environment such as macular pigment or RPE cell pigment. Further study of these subjects over time should provide insight into patterns and rates of macular cone loss in patients with the T8993C mutation. The levels of mutant heteroplasmy and associated clinical phenotype of patients with T8993C mutation can vary substantially. 9, 10, 13, 20, 47 The mutant load in hair follicles presumably reflects mutant load in other ectodermally-derived tissues, such as the photoreceptors and the brain, in which mtDNA cannot be quantified readily. 11 Symptomatic individuals in the present study had high mutant loads in hair follicles (mean, 87% to 99%). All subjects had relatively good neurologic function, in contrast to a severely affected pedigree in which high T8993C mutant load was associated with Leigh syndrome. 13 The asymptomatic subject (II-2) showed much lower mutant load in hair follicles (54%) than the symptomatic subjects. In general, mutant load is proportional to disease severity in affected tissues, although age and duration of disease may also be related to phenotype severity.
Direct visualization of affected cones at the cellular level may provide insight into the mechanisms of vision loss in patients with mtDNA mutations. Cone photoreceptor inner segments, key optical elements in the waveguiding portion of cone photoreceptors, contain abundant mitochondria. AOSLO images provide an in vivo look at neurons containing high levels of mitochondria expressing the T8993C mutation. Our images demonstrate not only patchy loss of visible cones as observed in pattern 3, but also abnormal waveguiding properties of individual cones, as observed by the dark perifoveal ring seen in pattern 2. Based on the localized regional losses of visual sensitivity observed using microperimetry that correlate with regions of increased cone spacing observed using AOSLO, cones expressing high levels of mitochondrial DNA mutation T8993C have altered waveguiding characteristics that impair normal visual function. These findings suggest that intact mitochondria in cone inner segments are necessary for normal optical function, which may contribute to vision loss independently of cone death.
The increased cone spacing we observed in subjects I-1, II-3, and II-4 may reflect cone loss due to degeneration or abnormalities of cone inner segment structure associated with the T8993C mutation. Surviving cones may be swollen due to increased size of the mitochondria expressing this mutation. Although a single study reporting electron micrographic characteristics of an eye expressing the more severe T8993G mutation did not demonstrate swelling of photoreceptors, swelling was observed in nonpigmented ciliary epithelium and retinal pigment epithelial cells. 25 In addition, some authors have suggested that the mitochondria in patients with other types of mitochondrial disease may proliferate to compensate for metabolic deficiency. 48 A similar phenomenon may have occurred in our patients, resulting in the increased cone spacing we observed.
A characteristic feature of mitochondrial mutations is variability in disease expression between cells expressing different levels of the mitochondrial mutation. In this family, we observed three distinct patterns in four subjects, demonstrating significant interindividual and intraretinal variability. Subjects I-1 and II-4 had patchy, irregular cone mosaics with increased spacing across the central 2°to 3°, whereas subject II-3 had increased cone spacing, but had a regular and contiguous mosaic that increased in spacing with eccentricity. In fact, subject II-3 had the greatest cone spacing (most cone loss) at 1°, the most eccentric location that we could measure in her eye. This subject had the least severe retinal dysfunction and has experienced little progressive retinal degeneration since the subject's diagnosis by ERG performed elsewhere 11 years ago, although she has had severe progressive neurologic dysfunction. A possible explanation for the appearance for subject II-3's mosaic is that the mitochondrial mutation affected her cones earlier, perhaps during early development, leaving time for the remaining cones to migrate into a regular mosaic with little progressive cone degeneration. By contrast, a progressive or later-onset degeneration is predicted to leave holes and gaps in the mosaic, as was observed in subjects I-1 and II-4, both of whom reported subjective progressive loss of night vision and visual acuity since their diagnosis 11 years ago. Carroll and associates reported a case in which a subset of cones in an individual degenerated after retinal development and foveal cone migration, leaving a closely packed, but incomplete mosaic. 34 By contrast, blue cone monochromat carriers, who experience degeneration of a subset of cones at a very early stage, have a nearly contiguous and closely packed mosaic with decreased density (Carroll J, et al., IOVS 2005; 46 :ARVO E-Abstract 4564). In neither of the previously reported cases are the remaining cones degenerating and, as a result, these eyes function normally by most measures, despite the reduced number of cones.
The 8993 mtDNA mutations cause a varied clinical phenotype between and within families, depending on mutation type, mutant loads in different tissues, and likely other unknown factors, including environment, high-demand metabolic states such as pregnancy, or nuclear genetic background. 14 Since individual neurons such as photoreceptors are not amenable to biopsy, in vivo single-cell imaging permits a unique opportunity to evaluate the effects of T8993C mtDNA mutation on these cells. High-resolution in vivo cone imaging provides a sensitive measure of the severity, type, and progression of disease in patients with mitochondrial genetic disorders affecting the retina. Repeated imaging can be used to monitor progression and treatment efficacy as treatments to slow photoreceptor degeneration become available in the future. 49 
